A determination of the absolute amounts of high-mobility-group proteins 1 and 2 (HMG 1 and HMG2) in rat tissues demonstrated that amounts of HMG2 were low in non-proliferating tissues, somewhat higher in proliferating and lymphoid tissues, but were extremely elevated in the testis. This increase was due to a germ-cell-specific form of HMG2 with increased mobility relative to somatic HMG2 on acid/urea/ polyacrylamide-gel electrophoresis. To determine if the findings in the rat were a general feature of spermatogenesis, testis (germinal), spleen (lymphoid), and liver (non-proliferating) tissues from various vertebrate species were examined for their relative amounts of HMG 1 and HMG2, and for HMG2 heterogeneity. Bull, chimpanzee, cynomologus monkey, dog, gopher, guinea pig, hamster, mouse, opossum, rabbit, rat, rhesus monkey, squirrel and toad (Xenopus) tissues were analysed. Nearly all species showed relatively high contents of HMG2 in testis tissue, whereas HMG1 contents were similar in all species and tissues. Ten of thirteen species showed a rapidly migrating HMG2 subtype in testis tissue, separable by acid/urea/polyacrylamide-gel electrophoresis. Xenopus, which lacks HMG2 in somatic tissues, showed an HMG2-like protein in testis tissue. Although the rapidly migrating HMG2 subtype in species other than rat was not testis-specific, it was always enriched in the testis. This study indicates that increased amounts of HMG2 and the enrichment of a rapidly migrating HMG2 subtype are general features of spermatogenic cells.
A determination of the absolute amounts of high-mobility-group proteins 1 and 2 (HMG 1 and HMG2) in rat tissues demonstrated that amounts of HMG2 were low in non-proliferating tissues, somewhat higher in proliferating and lymphoid tissues, but were extremely elevated in the testis. This increase was due to a germ-cell-specific form of HMG2 with increased mobility relative to somatic HMG2 on acid/urea/ polyacrylamide-gel electrophoresis. To determine if the findings in the rat were a general feature of spermatogenesis, testis (germinal), spleen (lymphoid), and liver (non-proliferating) tissues from various vertebrate species were examined for their relative amounts of HMG 1 and HMG2, and for HMG2 heterogeneity. Bull, chimpanzee, cynomologus monkey, dog, gopher, guinea pig, hamster, mouse, opossum, rabbit, rat, rhesus monkey, squirrel and toad (Xenopus) tissues were analysed. Nearly all species showed relatively high contents of HMG2 in testis tissue, whereas HMG1 contents were similar in all species and tissues. Ten of thirteen species showed a rapidly migrating HMG2 subtype in testis tissue, separable by acid/urea/polyacrylamide-gel electrophoresis. Xenopus, which lacks HMG2 in somatic tissues, showed an HMG2-like protein in testis tissue. Although the rapidly migrating HMG2 subtype in species other than rat was not testis-specific, it was always enriched in the testis. This study indicates that increased amounts of HMG2 and the enrichment of a rapidly migrating HMG2 subtype are general features of spermatogenic cells.
High-mobility-group proteins 1 and 2 (HMG I and HMG2) are closely related and are believed to have important functions in chromatin (Goodwin & Mathew, 1982; McCarty et al., 1982) , although their exact role is not yet known. HMG1 and HMG2 appear to be bound to internucleosomal regions of chromatin (Peters et al., 1979) , although the binding is not very strong, and chromatinbound HMG1 and HMG2 may be in equilibrium with a cytoplasmic pool (Wu et al., 1981) . The fate and modifications of HMG1 and HMG2 in cells undergoing various processes have been examined to reveal possible correlations with cellular events, and several observations have been made. (Jackson et al., 1979; Levy-Wilson et al., 1979; Vidali et al., 1977) , whereas others find no preferential association (Goodwin & Johns, 1978; Hyde et al., 1979) .
Variation in results may be due to the known loss and redistribution of HMG1 and HMG2 during preparation of nuclei before nuclease-digestion studies (Bucci et al., 1984; Gordon et al., 1981; Isackson et al., 1980; Kuehl et al., 1979) .
Secondly, HMG I and HMG2 are able to unwind coiled DNA (Bonne et al., 1982; Isackson et al., 1979; Javaherian et al., 1979; Shepelev et al., 1982) , indicating a possible association with DNA replication, repair, or genetic recombination.
proliferation. However, cultured cell lines show no correlation between relative HMG2 contents and proliferation rates (Seyedin et al., 1981b) .
Thirdly, additional changes in HMG amounts have been associated with spermatogenesis. Increases in ratios of HMG1 and HMG2 to histone in late spermatids of the rooster testes led to a proposed function of HMGl and HMG2 in nucleohistone disassembly and replacement by protamine (Chiva & Mezquita, 1983) . In rat spermatogenesis, the absolute amounts of HMG2, but not HMG 1, have been shown to increase dramatically in pachytene spermatocytes (Bucci et al., 1984) , a non-proliferating cell type undergoing genetic recombination and very active RNA synthesis (Bellve, 1979) . Furthermore, this increase is due to a testis-specific form of HMG2 with increased mobility in acid/urea/polyacrylamide gels (Bucci et al., 1984) .
If variations in amounts and heterogeneity of HMG2 indeed have a functional role, the same observations seen in the rat should be found in other mammalian species. We have analysed HMG2 amounts and heterogeneity in testis and somatic tissues of other species to determine whether the observations for rat tissues and cells are applicable to other species, and constitute a general finding in spermatogenesis. (Bucci et al., 1984; Seyedin & Kistler, 1979) . HMG extracts prepared in this manner have previously been shown, by using tracer amounts of radioactively labelled HMG2, to recover HMG proteins reproducibly and quantitatively from tissues (Bucci et al., 1984) . DNA was measured by the diphenylamine assay (Burton, 1956) . Acid/urea/polyacrylamide slab gels (0.16cm x 17cm x 30cm) were run in 8 M-urea by the procedure of Panyim & Chalkley (1969) . Stacking gels consisted of 7.5% (w/v) acrylamide, 0.2% bisacrylamide, 2.5M-urea, 0.25% NNN'N'-tetramethylethylenediamine and 0.3% ammonium persulphate. Gels were pre-electrophoresed for at least 12 h, and samples were electrophoresed at a constant current of 3 mA/cm2. HMG2 forms were separated by allowing HMG2 to migrate at least 18cm from the origin, corresponding to at least 48h of electrophoresis. Gels were stained with Amido Black as previously described (Bucci et al., 1984) .
Results
Tissue contents of HMGI and HMG2 in the rat Amounts of HMG proteins per unit of DNA in various rat tissues were analysed for two purposes. First, we wished to extend the range of tissues studied to determine whether the high amounts of HMG2 in the testis represented a unique situation. Second, we wanted to test whether HMG2/HMG1 and HMG2/histone-H1 ratios were valid indicators of the absolute content of HMG2 per unit of DNA. Amounts of HMGl and HMG2 as well as HMG2/HMG1 and HMG2/H1 ratios determined from various tissues in the rat are shown in Table 1 . Whereas HMG I amounts in other tissues were not significantly different (by Student's t test) from the testis value of 13.5pg of HMGl/mg of DNA, HMG2 contents varied widely. Three groups of HMG2 contents were observed: low, intermediate and high. All non-proliferating fully differentiated tissues had low contents of HMG2 (1-5pg/mg of DNA). The HMG2/HMG1 ratios in all of these tissues never exceeded 0.50, and the HMG2/H1 ratio never exceeded 0.04. All proliferating tissues or those that possessed a high proportion of lymphoid tissue (capable of rapid proliferation HMG2/HMG1 ratios in all of these tissues were 0.6-2.5; the HMG2/H1 ratios were all between 0.04 and 0.06. The testis was the only rat tissue with a high content of HMG2 (32 pg/mg of DNA).
Testis HMG2/HMG1 (2.3) and HMG2/H1 (0.21) ratios were both significantly elevated relative to all but one of the somatic tissues studied. The bone marrow contains a slightly higher HMG2/HMG1 ratio, but the HMG2/H1 ratio is much lower than in the testis. Thus testis is unique among rat tissues in that it contains a large amount of HMG2. Also, HMG2/HMG1 and HMG2/H1 ratios do indeed reflect the absolute contents of HMG2 per unit of DNA.
Tissue contents ofHMGJ and HMG2 in other species The large amount of HMG2 in rat testis tissue is associated with a testis-specific HMG2 subtype with increased mobility relative to somatic HMG2 on acid/urea/polyacrylamide gels (Bucci et al., 1984) . On the basis of those results, tissues from other species representing non-proliferating (liver), lymphoid (spleen) and germinal (testis) tissue were examined for HMG1 and HMG2 protein contents, and for presence of HMG2 subtypes by acid/urea/polyacrylamide-gel electrophoresis. Testis tissue from all species contained more HMG2 relative to HMG 1 than did somatic tissues, with the exception of the bull and rabbit (Table 2 ). In addition, HMG2/H1 ratios were higher in the testes of all species than in the spleen and, with the exception of the guinea pig and rabbit, higher in the testes than in the liver. HMG1/Hl ratios (results not shown) for each tissue from all the different species were averaged. HMG1/HI ratios from testis (0.074), spleen (0.050) and liver (0.070) indicated that HMG1 contents were similar for the tissues tested. HMG2/H1 ratios from different species were similarly averaged for each tissue and showed higher values in testis (0.096) than in spleen (0.024) or liver (0.023). These results indicate that the increase in HMG2 in testis tissue is a general finding associated with spermatogenesis in all species.
HMG2 heterogeneity
On acid/urea/polyacrylamide gels, rat testis HMG2 could be resolved into at least two bands (forms). The fast forms were unique to the testis (Fig. 1) , and were present only in germ cells (Bucci et al., 1984) . Nine of thirteen other species examined showed two HMG2 forms resolved by acid/urea/polyacrylamide-gel electrophoresis (Fig.  2) ( Fig. 2f) . The amphibian Xenopus was unique in .r that somatic tissues did not contain HMG2, but the testis showed an HMG2-like protein, as t characterized by its acid-solubility and electro-* phoretic mobility (Fig. 3) . Although, in general,
.~fast HMG2 forms were not testis-specific, in nine g of ten species the fast band was highest in amount°i n the testis, usually comprising the predominant :5 fraction of total HMG2 in testis tissue (Fig. 2 , t Table 3 ). When testis and spleen samples from rat were mixed and electrophoresed, HMG2 migrated * clearly as two bands (results not shown). Identical results were obtained from mouse testis and spleen, indicating that the slower subtype of HMG2 is common to all tissues, and the faster form is either unique to or enriched in the testis. HMG 1 from all tissues of all species tested co-migrated, and no subtypes were apparent on acid/urea/polyacrylamide gels. Conversely, electrophoretic mobilities of HMG2 differed among species, indicating that HMG2 had a greater heterogeneity than HMG1. 
4)
u. (Risley & Eckhardt, 1981) and HMG1 (Kleinschmidt et al., 1983 ) are shown at the left. Labels identifying Xenopus testis-specific proteins are in the centre; HMG2 denotes the HMG2-like protein found only in Xenopus testis tissue, and SPI is a latespermatidal protein (Risley & Eckhardt, 1981 
Preliminary data from non-equilibrium isoelectric focusing of rat testis and spleen HMG2 shows that at least four forms are present, thus indicating charge heterogeneity, the nature of which is still unknown.
Since reports exist that show phosphorylation of some HMG proteins can lead to increased mobility on acid/urea/polyacrylamide gels (D'Anna et al., 1983) , rat testes were injected with [32P]phosphate to assay for incorporation of label into HMG2. HMG protein extracts from labelled rat testes did not show incorporation of phosphate into HMG1 or HMG2, whereas HI did show incorporation (results not shown). Thus postsynthetic phosphorylation is not likely to be responsible for the increased mobility of rapidly migrating HMG2.
HI variants
Although not the main subject of this study, we have observed changes in HI variant patterns in the testis of most species studied. Rat testis contains high amounts of both H1a, a variant found only in low amounts in somatic tissues, and H It, a testis-specific variant (Seyedin et al., 198 1a; Bucci et al., 1982) . These two proteins co-migrate on acid/urea/polyacrylamide gels (Fig. 1) . The testis of all species studied, except Xenopus, showed higher amounts of HI bands migrating in the region of rat H la and HIt than did spleen and liver tissues (Fig. 2) .
Discussion
The increase in HMG2 in testis tissue found here for a variety of species is supported by results shown in other studies. Lanneau & Loir (1982) investigated mammalian spermatid-specific basic nuclear proteins and used the same extraction and electrophoretic methods as the present study. Ram, bull and breeding hedgehog testes all exhibited greater amounts of HMG2 than of HMG I (Fig. 2 in Lanneau & Loir, 1982) . However, non-breeding hedgehogs exhibited less HMG2 than HMG1, consistent with the findings in rats that the increase in testis HMG2 is due to germinal cells (Bucci et al., 1984) . In addition, Seyedin et al. (198 la) showed a greater amount of HMG2 than of HMG 1, analysed on both acid/urea/-and sodium dodecyl sulphate/-polyacrylamide gels, from rat, hamster, rabbit and mouse testes.
Additional evidence that the fast bands of HMG2 seen in the present study are truly HMG2 comes from (1) the co-migration of testis and somatic HMG2 on sodium dodecyl sulphate/polyacrylamide gels, (2) the finding that amounts of HMG2 from rat testis cells determined by sodium dodecyl sulphate/-and acid/urea/-polyacrylamidegel electrophoresis were equivalent, and (3) that the amino acid composition of rat testis HMG2 (83% fast form) was almost identical with that of calf thymus HMG2 (Bucci et al., 1984; Seyedin & Kistler, 1979 ).
The only non-mammal included in this study, Xenopus laevis, represents the most extreme case of association of increased HMG2 with spermatogenesis. Xenopus somatic tissues, as well as Xenopus oocytes (Kleinschmidt et al., 1983) , contained only HMG1 (see Fig. 3 ), but testis tissue contained an HMG2-like protein, which probably represents a testis-specific HMG, consistent with the increase in HMG2 content and the enrichment of a fastmigrating HMG2 form seen in mammalian testes. Xenopus testis HMG2-like protein is not a contaminating spermatidal basic nuclear protein, since it was not seen in late-spermatid nuclei (Risley & Eckhardt, 1981) .
Primary sequence variants of the histones (Hohmann, 1978; von Holt et al., 1979; Sperling & Wachtel, 1981) have been characterized in greater detail than have those of the HMG proteins. Chicken HMG2, but not HMG1, has sequence variants (Sterner et al., 1978; Walker, 1982) . The trout HMGI-and HMG2-like protein HMGT, which migrates as two bands on acid/urea/polyacrylamide gels, also has sequence variants (Brown et al., 1980) . Data on sequences of mammalian HMG1 and HMG2 are limited to calf thymus, and thus no conclusion about the existence of mammalian HMG2 variants can be made. HMG1 and HMG2 from mammals and chickens can be separated into discrete forms by isoelectric focusing (Mathew et al., 1979; Nicolas & Goodwin, 1982; Tyrell et al., 1982) and h.p.l.c. (Mazrimas et al., 1984) , but the nature of these subtypes is still unknown. Tryptic-peptide maps of rat testis HMG2 were indistinguishable from those of rat spleen HMG2 (Bucci et al., 1984) , indicating that the fast HMG2 form might not be a sequence variant. Similarly, the two forms of calf thymus HMG2 separated by h.p.l.c. had very similar amino acid compositions, indicating that the two forms may not be sequence variants, but may be modified species (Mazrimas et al., 1984) .
The possibility of a change in the mobility of rat testis HMG2 as a result of postsynthetic phosphorylation was found to be unlikely, owing to lack of incorporation of [32P]phosphate (Bucci, 1983) .
Oxidation or degradation of HMG I or HMG2 was also considered. Rat spleen HMG2 (containing only the slow form) was oxidized, and produced bands that migrated faster than the testis form of HMG2 (Bucci, 1983) . Rat testis nuclei extracted with 0.35M-NaCl and stored for 24h also showed bands on acid/urea/polyacrylamide gels that migrated faster than the testis form of HMG2 (L. R. Bucci, unpublished work). These bands corresponded to the HMG3 band and other known degradation products of HMG proteins, which are not seen when tissues or nuclei are extracted directly with acid . Studies of radioactive lysine incorporation into isolated rat testis cells showed that spermatogonia synthesized only the slower form (L. R. Bucci, unpublished work) . This supports the hypothesis that the fast HMG2 form is not a parental form, but may be caused by postsynthetic processing. Several known postsynthetic modifications (acetylation, glycosylation or ADP-ribosylation) would decrease the positive charge of HMG2, resulting in decreased mobility on acid/urea/polyacrylamide gels. The fast band would have to represent the unmodified parental form, which is unlikely. It is also possible that the fast form of HMG2 may be due to some form of postsynthetic modification not yet considered, such as controlled proteolytic cleavage (Allis et al., 1980) , although the N-terminal amino acid of rat testis HMG2 is glycine, the same as that of calf thymus HMG2 (Bucci et al., 1984) . Regardless of the cause of HMG2 heterogeneity, the increase in testes of many species of a tissue-specific or -enriched subtype of HMG2 with increased mobility on acid/urea/polyacrylamide gels relative to somatic-tissue HMG2 suggests a unique role for HMG2 in the testis.
The observations in this paper and several others (Bucci et al., 1984; Seyedin & Kistler, 1979) imply that HMG1 and HMG2 could have different functions. HMG 1 amounts remain remarkably constant among tissues and cells of various states of differentiation, and the charge homogeneity of HMG1 between species is likewise remarkably conserved. On the other hand, HMG2 exhibits both quantitative and qualitative changes during cell proliferation, and its amounts increase greatly in male germ cells. HMG2 exhibits testis-specific or -enriched forms, whereas HMG1 does not, and HMG2 shows interspecific charge heterogeneity, unlike HMG1.
The appearance of fast HMG2 forms in testis might represent another manifestation of the major changes of gene expression that occur during the primary spermatocyte stage. Known examples of these changes during spermatogenesis are seen in surface antigens (Bellve, 1979) , histone variants (Bucci et al., 1982; Meistrich et al., 1981; Seyedin et al., 1981a; Trostle-Weige et al., 1982) and isoenzyme expression (Bellve, 1979) .
The presence of increased amounts of HMG2 forms in testis also suggests a definite role for HMG2 in testis-specific nuclear functions, such as switching patterns of gene expression, genetic recombination, meiotic reductive divisions, or replacement of nucleosomes by late-spermatidal basic nuclear proteins during nuclear condensation of spermatids. Although a significant amount of HMG2 is lost during preparation of nuclei (Bucci et al., 1984) , the losses of the fast and slow forms Vol. 229 are equivalent, indicating at least a partial nuclear location of these proteins. Further research to elucidate roles for HMG2 should not ignore germ cells as a unique, useful, system for study.
